The Plasmadynamics and Electric Propulsion Laboratory (PEPL) has used its Molecular Beam Mass Spectrometer (MBMS) to determine the ion energy distribution of the P5 5 kW laboratory Hall thruster. A skimmer was used to obtain a sample of the plasma in the near-field region, 10 cm downstream of the thruster exit plane. The thruster was operated at several discharge conditions and was rotated with respect to the sampling skimmer in order to determine ion energy profiles at various plume angles. These measurements were compared to far-field ion energy measurements taken 75 cm from the discharge plane in order to examine the evolution of the ion energy profile and the effects of testing environment on the results. Both ion energy measurements and time-of-flight mass spectroscopy revealed evidence of singly, doubly, triply, and quadruply charged xenon ions within the plume. Ion energy distributions were used to determine that the thruster's magnetic field was oriented such that the plume has an overall inward focus. It was seen that sampling the plasma closer to the thruster results in distributions that have undergone fewer changes as a result of collisions with other ions in the plume and with background neutrals within the test facility. Concerns regarding these facility effects have led to the development of a new Miniaturized Ion Energy Analyzer (MIEA) for future experimental work.
INTRODUCTION
Previous Hall thruster research has concentrated primarily on the 1.5 kW class of thrusters since they were of primary interest for commercial and military satellite use. However, driven by industry trends and IHPRPT (Integrated High Payoff Rocket Propulsion Technology) goals, the Hall thruster market is expanding beyond the 1.5 kW class thruster to both sub-kW thrusters for small satellites and high power thrusters for orbit transfer missions. Of particular interest for orbit transfer are thrusters of the 5 kW class. Several commercial thrusters are under development for this role. These include the SPT-140 1 and T-160 2 stationary plasma thrusters, the D-100 3 thruster with anode layer, and the Busek-Primex BPT-4000 4 . In order to keep its research as relevant as possible to future Hall thruster users, the University of Michigan, in conjunction with the United States Air Force, has developed a 5 kW class Hall thruster for basic research purposes.
This thruster, dubbed the P5 and shown in Figure 1 , underwent performance and probe testing 5 that indicated it operated in a manner consistent with thrusters under commercial development. 6, 7, 8 Its purpose is to serve as a test bed for the development of diagnostics, investigations of Hall thruster physics, studies of spacecraft interaction issues, and development of next generation electric propulsion devices. In this work, PEPL's Molecular Beam Mass Spectrometer (MBMS), initially developed by King, 13 was used to investigate the ion energy and charged species composition of the 5 kW Hall thruster. The purpose of this work was threefold. First, the test facility had undergone a pumping upgrade since King's tests (see next section) which lowered the pressure during testing, thereby reducing the chance of plume ions colliding with background neutral particles. By reducing the collision probability we obtain measurements that are more representative of the true plasma distributions. Second, flexibility in choosing the operating conditions of this Hall thruster allowed for testing at multiple operating points. This is important since many operational concepts require the Hall thruster to perform several missions at different power levels over the lifetime of the satellite. Third and most importantly, the system was modified to allow near-field measurements to be taken by placing a sampling orifice 10 cm away from the discharge plane of the thruster. This allowed for an investigation of the evolution of ion energy and charge state profiles, as well as facility effects.
EXPERIMENTAL SETUP
Tests were performed in PEPL's 6 m by 9 m Large Vacuum Test Facility (LVTF). This is the same facility used in previous work at PEPL 14 , but prior to these tests, it was refitted with four CVI model TM-1200 Re-Entrant Cryopumps. Each cryopump is surrounded by a liquid nitrogen baffle, as shown in Figure 2 . These cryopumps have replaced the diffusion pumps previously used for high vacuum work. They provide a xenon pumping speed measured at 140,000 l/s with a base pressure of 2*10 -7 Torr. Pressure was determined by averaging the measurements of two ion gauges: a Varian model 571 gauge with a HPS model 919 Hot Cathode Controller and a Varian model UHV-24 nude gauge with a Varian UHV senTorr Vacuum Gauge Controller. The Varian nude gauge, the senTorr controller, and the connecting cable were calibrated as a unit on nitrogen. A calibration factor of 2.87 was used to correct for xenon.
Figure 2: University of Michigan Large Vacuum Test Facility
Laboratory power supplies were used to provide thruster power. The main discharge was supplied by a Sorensen model DCR 600-16T. Current was supplied to the inner and outer electromagnets by a Kikusui model PAD 55-10L and a Kikusui model PAD 35-10L, respectively. The cathode heater and igniter were powered by a Kepco model ATE 36-30M and a custom-built high voltage ignition supply. The discharge circuit of the thruster was electrically isolated during operations. A filter consisting of 1.3 Ω equivalent resistance in series with the discharge current and a 95 µF capacitor in parallel was used to dampen thruster oscillations.
The MBMS is a time-of-flight mass spectrometer with a 45-degree parallel plate energy analyzer. It is essentially two instruments in one, that when used together can give direct measurements of both ion energy and species composition. The mass spectrometer is mounted to one end of the LVTF. Ions pass into the MBMS through a sampling orifice. Two diffusion pumps are used to evacuate the MBMS in order to reduce the chance for collisions between beam ions and background gas. The beam enters the 45-degree energy analyzer, which allows only ions of a specific energy-to-charge ratio to pass through and reach the detector. This ratio is selected by setting the electric field between the plates of the analyzer. By sweeping the value of this field, an entire ion energy distribution function can be determined.
For species composition, the time-of-flight mass spectrometer is used. This is the same physical system, with an electrostatic beam gate placed just downstream of the sampling orifice. By pulsing the gate open and recording the time it takes for the ions to reach the detector at the end of the energy analyzer, the individual species of the plasma can be detected. This can be done because, while all of the ions passing through the analyzer for a given pass voltage have the same energy-to-charge ratio, the Hall thruster accelerates them to different velocities based on their charge state. Since their velocities are different, they will arrive at the detector at different times. Reference 13 provides more detail regarding the theory and development of the 45-degree energy analyzer and the time-of-flight system. The thruster was mounted at Thruster Station 2, as seen in Figure 2 , on a New England Affiliated Technologies (NEAT) rotary positioning table. This allows it to be rotated with respect to the sampling orifice. This table has an angular accuracy of 0.05° and a repeatability of 0.007°.
For measurements 75 cm from the thruster exit plane, the system was configured as shown in Figure 3 . For these measurements, the center of rotation was the center of the thruster. Ion energy measurements were taken in 5° increments from 0° until loss of signal -typically ~105°. Because the signal intensity drops off rapidly away from centerline, species composition measurements were taken at 0° only. The sampling orifice was aligned with the 45-degree energy analyzer entrance slit by passing a laser through the entrance slit such that it was parallel to the ion beam path. The sampling orifice was then aligned to that beam. The thruster angle was set such that the laser was tangent to the face of the thruster when it was oriented at 90°. For ion energy measurements, the 45-degree pass voltage was swept from 0 to 1000 V in 1 V increments by a Keithley model 2410 SourceMeter. This sourcemeter had a rated accuracy of better than 0.012% over the full rage of interest. Due to the nature of the energy analyzer, 13 this results in a sweep of ion energy of 0 to 1800 V. For species composition, measurements were taken at the peak ion energy, as determined using the 45-degree energy analyzer, and in 20 V increments above and below that voltage. The time-of-flight path length was 2.34 m. For near-field measurements, 10 cm from the thruster exit plane, an extension to the system was built. The extension is shown with the complete system in Figure 4 and in detail in Figure 5 . This added approximately 67 cm of length to the system. For these measurements the center of rotation was the center of the annular discharge chamber. This was done so that the ion energy contributions of one side of the discharge chamber could be examined independently of the other so as to minimize the detection of crossover flow. Ion energy measurements were taken in 5° increments from 0° until loss of signaltypically ~90°. Again, species composition measurements were taken at 0° only. Alignment was performed in the same manner as for the far-field measurements. Ion energy and species composition measurements were performed over the same range as for far-field measurements. For the near-field measurements, the time-of-flight distance was increased to 2.92 m due to the use of a miniaturized gate near the sampling skimmer. 
EXPERIMENTAL RESULTS
For both the near and far field, attempts to take data at three thruster operating conditions were made. These conditions are summarized in Table 1 . Also listed are the tank pressures during these tests, corrected for xenon and averaged between two ion gauges. For comparison, during King's tests on the SPT-100 the maximum chamber pressure was 5*10 -5 Torr. Condition 1 represents running the thruster in a mode similar to a 1.5 kW Hall thruster such as the SPT-100 or D-55 TAL. Condition 3 is the full power 5 kW case. Condition 2 is an intermediate case that shares a current with Condition 1 and a voltage with Condition 3, allowing for comparisons while changing only one variable. Successful ion energy measurements were taken at all three conditions for both the near and far field. Complete species composition traces were taken at Condition 1 and Condition 2 in the far field. For far-field species measurements at Condition 3, an experimental failure interrupted the test. As will be shown later, based on the data that was collected it was decided that the experiment did not require completion. Species composition traces were also taken at Condition 1 and Condition 2 in the near field. Measurements were not taken for Condition 3 because operating the thruster at the high anode mass flow rates needed for a 10 A discharge in close proximity to the sampling skimmer resulted in neutralized propellant backstreaming into the discharge chamber. When this occurred, the thruster responded as if the anode mass flow rate had been increased -with an increase in current. Thus, the thruster was being forced to operate at an offnominal condition. This was not a problem during the ion energy measurements because they took far less time to complete. Elastic Collisions (between an ion of charge q=1 and an ion of charge q=n):
• A high voltage "tail" on the singly charged ion voltage/charge distribution that decays to zero at a voltage/charge equal to n times the maximum voltage/charge of the ion with charge n (in its precollision distribution) • A low voltage "tail" on the voltage/charge distribution of the ion with charge n that decays to zero at a voltage/charge equal to 1/n times the minimum voltage/charge of the singly charged ion • These "tails" decay monotonically without any local maxima Since these ions see the same accelerating voltage, the maximum voltage/charge will be the same and will be very close to, but less than, the thruster discharge voltage. Thus, for n=2, the high voltage "tail" will decay to zero at approximately twice the discharge voltage. The minimum voltage/charge is more difficult to define as it depends on how far the accelerating potential drops within the ionization zone of the thruster. The peaks of both voltage distributions will occur at the same value of voltage/charge.
Charge Exchange (CEX) Collisions
• CEX collisions produce appendages to the main distribution that do not decay monotonically as in the case of elastic collisions • These appendages exhibit local maxima corresponding to the energy distribution of the colliding species • CEX collisions conserve the shape of the original distribution • Ion-Neutral CEX collisions only produce detectable ions at voltage/charge ratios greater than the original ion, whereas Ion-Ion CEX collisions can produce detectable ions at voltage/charge ratios above and below the original ions (neutral particles produced in these collisions are not detectable by the MBMS) For example, if a doubly charged ion, accelerated by a potential V (thus energy, E~2V, since E=qeV), undergoes a CEX collision with a neutral atom (with zero velocity), there are two possible outcomes. In the first, there could be two electrons transferred from the neutral atom to the ion. However, this would result in a doubly charged ion with zero velocity -which will not travel to the detector, and a neutral atom with E~2V -but since neutrals do not pass through the 45-degree energy analyzer, it will not be detected. Thus the first outcome cannot be observed. The second outcome, however, can be observed. If one electron is transferred to the doubly charged ion, the resulting singly charged ion would have twice the energy of a normally produced singly charged ion. Thus, in the voltage/charge domain of the measurements of the MBMS, it will appear as a maximum at twice the most probable voltage found in the main distribution.
Ion Energy
Figures 6 through 8 show the far-field ion energy distributions for all three thruster operational conditions at an angle of 0 degrees (thruster pointed directly toward the sampling orifice). In Figure 6 , for Condition 1, the primary ion energy distribution has its peak at 263 V with respect to ground. For this condition, the plasma potential was approximately 7 to 8 V above ground. The peak is approximately 90% of the discharge voltage, which is what is expected for a well-developed Hall thruster. 16 In this distribution, we see strong evidence of elastic collisions between singly and doubly charged xenon ions, decaying at twice the discharge voltage. This behavior is very similar to that observed by King for the SPT-100. When this distribution is examined more closely on a semi-log plot as shown, small CEX collision peaks at 2X and 3X the primary peak are seen. Since there are no CEX peaks at voltages less than the primary peak, it appears that these peaks are the result of collisions by neutrals with doubly and triply ionized xenon that resulted in singly charged ions.
In Figure 7 , for Condition 2, the primary distribution has its peak at 454 V with respect to ground and the plasma potential was approximately 7 to 8 V above ground. Again, as expected, the peak is approximately 90% of the discharge voltage. In this distribution, there is some indication of elastic collisions. There are, however, very noticeable ion-neutral CEX collision peaks at 1.5X, 2X, and 3X the primary peak. The 2X and 3X peaks are the result of collisions by neutrals with doubly and triply ionized xenon that resulted in singly charged ions. The 1.5X peak results from a collision of triply ionized xenon with a neutral that produced a doubly charged ion.
In the case of Condition 3 ( Figure 8 ), the total flow rate has almost doubled, going from 64 sccm to 111 sccm. The peak of the primary distribution is 449 V with respect to ground and the plasma potential is 10 V above ground. As will be discussed later, the increase in flow rate leads to a large pressure build-up in front of the entrance orifice to the MBMS that increases the collision probability considerably. This is reflected in the ion energy distribution that shows significant elastic collision broadening. The 2X and 3X peaks similar to those observed for Condition 2 are evident in the semi-log plot, but any chance of observing the 1.5X peak is obscured by the broadening.
As the thruster is rotated to higher angles, similar trends were seen for all three conditions. For Condition 1, the profile changes very little from 0 to 40 degrees, maintaining the same shape as seen in Figure 6 . Then, as shown in Figure 9 , at 45° the profile begins to broaden significantly toward the lower energy side of the distribution. This trend continues to approximately 50° and then transitions into a shift of the primary peak location as seen at 60° where the maximum of the primary peak is at 205 V. At angles where this broadening and shift are seen, the ion current intensity is significantly lower than in areas where the distribution has its peak at the same voltage as at 0°. Beginning at 65°, the profile shifts back to the same shape seen at centerline. The intensity of the signal also increases, though it is far less than at centerline. The next region begins at approximately 85°, where we see evidence of significant numbers of ion-ion CEX collisions and a highly attenuated peak at the centerline voltage. The last signal region occurs at 100°, where we see a low intensity distribution of low energy ions created outside the discharge chamber. Beyond this, the signal fades into the noise at 105°. For Condition 2, the distributions retain the centerline shape of Figure 7 out only to 10°. Behavior at higher angles is illustrated in Figure 10 . From 15° to 30°, the low energy side of the distribution grows, and is accompanied by high energy CEX collision peaks at 2X and 3X the peak voltage. This then transitions into a peak shift, though it is slightly different than for Condition 1. From 35° to 50°, the primary peak remains and is approximately the same intensity as the shifted peak. At these angles there is also a significant 2X CEX peak. Then, from 60° to 70°, the primary peak regains dominance, though the shifted peak remains -in this range, there is no 2X CEX collision peak. The signal then shifts back toward the centerline shape before becoming dominated by high energy ion-ion CEX peaks at 85°. Again there is a low energy distribution at 100° and the signal fades into the noise at 105°. For Condition 3, the trends are qualitatively similar with subtle dissimilarities and are presented in Figure  11 . The collision broadened centerline shape seen in Figure 8 remains out to 35°, with the broadening decreasing with angle, before increasing at 40°. Then from 45° to 60°, we see the peak shift. The peak then shifts back to the centerline voltage at 65°. It remains there until 80°, then begins to decrease in voltage, falling to 394 V at 95°. However, this peak shift is different than that typically seen around 45°b ecause it is not accompanied by the broadening that characterizes the lower angle shift. The signal fades into noise at 100°, without experiencing the CEX collision or low ion energy regions. We now proceed to examine the near-field ion energy distributions, again starting with the 0°d istributions for all three conditions.
In Figure 12 , for Condition 1, the primary peak again has its maximum at 263 V. In the near field, the profile is CEX collision dominated. Upon closer examination, we see peaks at 1.33X, 2X, and 3X the discharge voltage. A peak at 1.33X indicates a CEX collision between a quadruply charged xenon ion and a neutral xenon atom with one electron exchanged. Peaks at 1.5X for triply charged xenon becoming doubly charged and at 4X for quadruply charged xenon are not seen at 0°, but are seen from 5° to 15° (see Figure 15 ).
In Figure 13 at Condition 2, the primary peak has a maximum at 456 V. Close examination shows that the profiles are again dominated by CEX collisions. Peaks are observed at 1.33X, 1.5X, 2X, and 3X the primary peak (due to their proximity, the 1.33X and 1.5X peaks tend to blend together into a single "bump" with two maxima). For most of the sweeps at Conditions 2 and 3, we observe an increase in intensity at the end of the scanning range. It is hypothesized that this is the beginning of the peak at 4X the primary peak (~1800 V). Unfortunately, the scanning range of the sourcemeter is not sufficient to encompass this peak in its entirety.
The results for Condition 3 ( Figure 14 ) are very similar to Condition 2, and do not suffer the broadening seen for the far-field measurements. It was, however, very difficult to take measurements at this condition, and many sweeps showed unusual amounts of noise and other detrimental effects. As was seen for far-field measurements, when the thruster is rotated to higher angles, similar trends are observed for all three conditions. They are illustrated in Figure 15 for Condition 1. The centerline profile, seen in Figure 12 is maintained to 40° off centerline. Then from 45° to 55°, there are strong 2X and 3X CEX peaks. From 60° to 85°, the CEX peaks remain, but the primary peak at 263 V is attenuated as seen at 70°. The primary peak briefly regains dominance at 90°, before the signal fades into the noise at 95°. For Condition 2, the trends are almost identical. The only differences were that the primary peak at 456 V did not attenuate until an angle of 65°, instead of 60°, and the signal fades into the noise at 90°, before the primary peak has an opportunity to reappear. Once again, Condition 3 ( Figure 17 ) is somewhat different. The centerline structure remains to an angle of 15° with a maximum at 451 V. We then see significant CEX collision peaks from 20° to 40°. From 45° to 80°, these peaks fade, and the signal returns to a profile similar to centerline, though with significant collisional broadening on the low energy side. At 85°, the peak voltage begins to shift downward, similar to the far-field case, reaching 405 V at 90° before the signal fades into noise at 95°. 
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Time-of-flight Mass Spectroscopy
Next we examine the results for species measurements obtained using the time-of-flight configuration of the instrument.
Beginning again with the far field, we look at the traces obtained as the ion beam is gated, allowing ions to separate based on their charge state. The peaks are measured on an oscilloscope versus time, then converted to a horizontal scale in terms of mass/charge. This is done using the time-of-flight distance and the pass voltage of the 45-degree energy analyzer (which is proportional to the acceleration potential that the ions experience and thus their velocity). The following profile was taken at 0° for Condition 1 at the primary peak (263 V).
6.0x10 -15 8.0x10 In this trace, singly, doubly, and triply ionized xenon were observed at 131, 65.5, and 44 AMU, respectively. The point of arrival of a species corresponds to the beginning of the rise of a peak. The width of the peak relates to the length of time that the gate is left open. If the gate is left open for a sufficient amount of time such that the peak is not clipped by the closing of the gate, the intensity is related to the density of a particular species. For a particular accelerating potentials, the individual species fraction, f i , can be determined using the following equation, where I i is the signal intensity and q i is the charge. The readings taken at Condition 3 were cut short by an experimental failure. Examining Figure 21 , we see that the species fractions are dominated by singly ionized xenon. It is believed that the large anode mass flow rate required for operating the thruster at 10 A results in a highly collisional zone in front of the sampling orifice. Previous measurements of Hall thruster plumes have shown that approximately 90% of the plume is singly ionized xenon. 13, 17 In a high collision area, beam ions will undergo ion-neutral CEX collisions that lower the plasma's overall total charge state. Collisions between neutrals and double or triple ions will depopulate these charge states in favor of singly ionized xenon. However, when singly ionized xenon undergoes a collision, it is neutralized and removed from the total beam ion population. Therefore, collisions reduce the total number of beam ions but increase the fraction of singly charged ions. This has shown that under high flow rate conditions, facility effects can artificially reduce species fractions. For this reason, along with the large amount of sputtering that occurs when the thruster is operated at 10 A, these tests were not continued.
For near-field measurements, we again present a trace of the species peaks versus mass for Condition 1 at the maximum of the ion energy distribution (263 V) in Figure 22 . Longer gate times were necessary for these measurements to obtain a clear, non-clipped signal. The gate time is short enough, however, to allow for species differentiation. In addition to the singly, doubly, and triply ionized xenon that was detected in the far field, we detect the presence of a peak at 32 AMU. This could correspond to two different species: quadruply ionized xenon or ionized oxygen molecules. However, in our near-field ion energy measurements we detected CEX peaks at 1.33X and 4X the primary discharge peak, which correspond to quadruply ionized xenon. Additionally, O 2 + is expected to be very uncommon since it would have to survive being ingested, ionized, and accelerated by the thruster without dissociating. Thus, there are two measurements that act as independent confirmation of the presence of Xe 4+ in the plume. Collisions that remove quadruply ionized xenon from the system are greater in number than those that produce it. Therefore, by the time a sample is taken 75 cm from the thruster, almost all of the quadruply charged xenon has been converted to a lower charge state ion or neutral, increasing the fraction of these other ions in the process. 
DATA ANALYSIS
There are three primary variables examined in ion energy measurements: power, angle, and sampling location. The effects of changes in these variables will now be discussed.
Examining the changes between the thruster operating conditions, we see very similar trends between Condition 1 and Condition 2, the two cases at 5.5 A (total flow of 64 sccm). The changes in structure with angle are nearly identical. For Condition 3, at 10 A (111 sccm), the distributions are much broader in the far field. Since there is more propellant, the background pressure of neutral xenon in front of the thruster will be higher, thus increasing the amount of collisional broadening. However, the overall variation with angle is still fairly consistent with the lower discharge current conditions. The primary driving force in altering these distributions is change to the thruster's magnetic field. When the operating condition of this thruster is changed, the electromagnet coil currents are also changed. The values used for the electromagnet currents were determined during performance measurements, and were set to minimize discharge current (thus maximizing efficiency). It is presumed that altering the intensity of the magnetic field in this way also results in an alteration of the shape of the magnetic field. Thus, unlike a commercial thruster, the P5 has not undergone magnetic field optimization for the plume shape.
In presenting the changes in ion energy distribution with angle, an attempt to divide the plume into several zones was made. Of course, these zones do not have finite boundaries, and the characteristics seen in them often overlap, thus the zones are created for the purpose of clarity. The angular boundaries of these zones are different for the different operating conditions.
In the far field, the first zone is the primary discharge region near 0 degrees, as seen in Figure 7 . The ions accelerated in this manner are those created by collisions with electrons trapped around radial or near-radial magnetic field lines in close proximity to the end of the discharge chamber. In other words, these are the ions that are desired in a Hall thruster, which create a majority of the useful thrust. The intensity of peaks in this zone are the highest, thus a majority of propellant ions are concentrated in this zone.
Next in the far field is a low energy region, typically extending from 40 to 70 degrees, with ions that have energy/charge ratios less than the primary peak shown in Figure 9 . They do not, however, have voltages or other characteristics that correspond to CEX collisions. It is conjectured that these ions are accelerated outside of the discharge chamber, by electric field lines parallel to magnetic field lines with significantly greater curvature than those in the primary discharge region. Magnetic field lines in a Hall thruster serve essentially as lines of equipotential, with electrons being preferentially trapped by the strongest magnetic field lines -which are designed to be those radial to the Hall thruster (where the primary discharge region ions are created and accelerated). Progressing outward from the discharge chamber, the electric potential drops and the magnetic field lines obtain greater curvature. Thus, they accelerate ions at off-centerline angles with voltages significantly less than the discharge voltage (the distribution of ions accelerated near 0° from these field lines is overwhelmed in the measurements by ions from the primary discharge region).
As will be explained in the near-field section, it is thought that these ions originate from the far side of the discharge chamber and are accelerated inward, across centerline. When these crossover ions encounter regions of higher plume density, we see large numbers of CEX collisions. These lead to significant broadening of the ion energy profile at high angles, which is shown in Figure 26 through 28.
The next two regions, where the profile returns to a centerline-like shape followed by a CEX region, are the most puzzling. In both these regions ions are accelerated by the same potential that the primary discharge regions ions are, but at a large angle. It is theorized that the field lines that produce the primary discharge ions are not completely linear, but instead have a sharp curvature on the inward side of the discharge chamber. Ions created in this region will be accelerated normal to the field lines, thus creating ions that experience the same accelerating potentials as centerline ions but are directed in the range of 60 to 80 degrees with respect to centerline. As the angle is increased toward 90 degrees, these ions encounter the acceleration region on the opposite side of the discharge chamber, undergoing large numbers of CEX collisions.
Beyond 90 degrees, we see a small region of low energy ions. These are created along magnetic field lines with very large radii, such that they curve beyond 90 degrees and accelerate the ions backwards with respect to the desired thrust vector. The energy of these ions is low, since they were created along a field line relatively far outside the discharge chamber.
One of the surprising results of this study was that there did not appear to be any ions at angles significantly beyond 90 degrees. King found ions at 180 degrees, directly behind the thruster. 13 However, examining the SPT-100, we note that the magnetic pole pieces are designed to minimize mass and thus are -wherever possible -narrower than the magnetic cores. The P5 was designed with extra wide pole pieces (see Figure 1 ) to minimize magnetic field leaking. These pole pieces act as a shield that prevents ions from flowing backward
In the near field we see, as expected, the primary discharge region near centerline (see Figure 12 ). Going outward in the plume, we do not see the low energy region that was seen in the near field. However, looking at the thruster orientation, we realize that with the sampling orifice centered on the annular discharge chamber (see Figure 5) , ions from the far side cannot enter the orifice, except at high angles. Thus the crossover low energy ions are not seen because they do not enter the orifice. What we see instead are higher angle inwardly directed particles, those that are responsible to the return to centerline and CEX regions in the far-field as seen in Figure 9 at 75 and 85 degrees, respectively. These result in ion energy distributions like those shown in Figure 15 at 55 and 70 degrees. This behavior continues to dominate all the way out to loss of signal.
If the ion energy distributions observed at angles outside the primary discharge region were the result of ions travelling radially outward from the discharge chamber, then there should be very little variation in their shape, since at all angles the plasma would be undergoing CEX collisions with the uniform background neutral gas. However, if the ions are travelling radially inward, we expect much greater variation since the plasma would be encountering ions and neutrals from the other side of the annulus, the density of which will increase with angle (as the beam path moves closer to the exit plane of the discharge chamber). This appears to be what was observed in this investigation. For this to be correct, however, the density must be high enough that the mean free path for ion-neutral CEX collisions is on the order of (or less than) the diameter of the discharge chamber (~ 15 cm). Measurements taken inside of a D-55 TAL 18 indicate pressures on the order of 1 mTorr for equivalent flow rates. Calculations for the P5 also indicate a neutral pressure of approximately 1 mTorr based on a neutral temperature of 1000 K and a neutral velocity of 300 m/s. At these pressures, the ion-neutral CEX collision mean free path 19 was determined to be 5 cm. Thus, the density is high enough to support this conclusion. Therefore, as a consequence of this analysis, it appears that most of the ions produced by this thruster are either accelerated axially along the thrust vector or have an inwardly directed radial component, toward thruster centerline. This conclusion is supported by Langmuir probe measurements taken inside the discharge chamber by Haas using a high speed reciprocating probe. 10 These measurements show plasma equipotential lines that curve back toward the anode in the inner portion of the discharge chamber; and ions are accelerated perpendicular to equipotential lines. There are also two other pieces of evidence to support inward acceleration. First, visual inspection of the thruster while firing shows a plume with a single central core. This differs from other thrusters, such as the SPT-100, which demonstrate a double peaked core, corresponding to the annular nature of the thruster discharge chamber. Second, as part of this research effort an attempt was made to obtain ion energy and time-of-flight measurements in the very near field, 1 cm from the exit of the discharge chamber. Measurements were made, but operating the thruster in such close proximity to an obstruction led to unacceptable interference with thruster operation with a marked increase in thruster current. Therefore, the effort was abandoned. However, the plots that were taken in 5 mm increments across the face of the discharge chamber do show a repeatable qualitative trend toward higher intensity on the inner half of the discharge chamber than on the outer. Since, to a first approximation, equipotential lines follow magnetic field lines, these facts seem to confirm that the magnetic field structure of the P5 is such that the plume is focused inward.
When we compare individual near field ion energy traces to those taken in the far field, we see a number of differences. Figure 25 shows the 0 degree ion energy profiles for Condition 1 in the near field and far field. They have been normalized and overlaid for comparative purposes.
The first thing that we notice is that the trace taken at 10 cm is significantly narrower than that taken at 75 cm. The full width at half maximum in the near field was 22 V, as compared to 35 V in the far field.
The increased width appears as low energy elastic collisions. We also see that the 1.33X CEX collision observed at 10 cm has disappeared by 75 cm. In general, elastic collisions are far more prevalent in the far field than in the near field, obscuring CEX collisions in some cases. This is as expected since for ions of the energy range found in the Hall thruster, 20 CEX collisions are approximately an order of magnitude more likely than elastic collisions. Thus, by sampling close to the thruster, the plume is interrogated before it has had an opportunity to undergo a significant number of elastic collisions. Figures 26 through 28 show the full width at half maximum measured at near and far-field for the three conditions studied. In addition, since it is a very similar operating point, Condition 1 is compared to SPT-100 data taken by King 13 in Figure 26 . The narrowing of these ion energy profiles compared to King's is a result of the improvements made to the chamber pumping capacity through the installation of cryopumps. With lower background pressure, the frequency of pressure broadening causing collisions is reduced and thus the profiles are narrower at low angles. In Figure 26 through Figure 28 , we see that the full width at half maximum is broadened in the far-field at low and high angles. As discussed previously, at high angles inwardly directed low energy ions crossover the centerline and collide with the flow from the other side of the discharge chamber. These collisions result in broadening of the ion energy distribution. At low angles, the conjecture was that when the thruster was firing directly toward the sampling skimmer, plasma from the thruster that does not enter the orifice impacts on the surrounding flange and is neutralized. This would represent a localized area of higher pressure neutral xenon that would cause collisions and broaden the profile. This hypothesis was checked by placing a neutral particle flux probe 21, 22 just below the sampling orifice, perpendicular to the flow. The NPF grids were charged to repel all ions and electrons, and an uncalibrated ion gauge was used to obtain pressure changes relative to the background pressure measured by a calibrated ion gauge as the thruster was rotated inward. Figure 29 shows the change in pressure with thruster angle for Condition 1 and Condition 3 along with the background pressure for each condition (determined as an average of two ion gauges and corrected for xenon). We see a notable increase in pressure within 20 degrees of centerline, the same region where the far-field full width at half maximum measurements show broadening. 6.0x10 Therefore, based on these results, we believe that the low angle broadening in the full width at half maximum is primarily a facility effect, whereas the high angle broadening is the results of collisions caused by crossover flow.
SUMMARY
In summary, we have used ion energy diagnostics and time-of-flight mass spectroscopy to show the evidence of singly, doubly, triply, and quadruply charged xenon within the plume of the P5. We have used measurements of the ion energy distribution at various angles and axial locations to determine the ion acceleration structure of the thruster and show that the shape and magnitude of the magnetic field drive this structure, focusing the plasma inward. Finally, we have seen that sampling the plasma closer to the thruster gives a profile that has undergone fewer changes as a result of collisions within the plume and with background neutrals within the test facility.
FUTURE WORK
In order to operate the MBMS, the thruster is positioned very close to the end cap of the LVTF (see Figure  2 ). This configuration can lead to unacceptable levels of material sputtering, interference with thruster operation, and modification of data profiles at high thruster power levels. One approach to mitigate these problems is to use an extension to the MBMS as demonstrated in this work. This does have its limitations and can lead to material being back-sputtered onto the thruster. Another approach is to build a small version of the 45-degree parallel-plate energy analyzer that can be mounted on the interior of the chamber. Such a device, dubbed the Miniaturized Ion Energy Analyzer (MIEA), is currently under development at PEPL. The MIEA does not perform time-of-flight measurements like the MBMS, operating strictly as an energy analyzer. A full presentation on the probe and its capabilities will be presented at the International Electric Propulsion Conference in October 1999. Some preliminary information is provided below.
A schematic of the MIEA appears in Figure 30 . The probe design was driven by the need to build a small, mobile instrument that could be mounted anywhere inside a vacuum chamber. In the LVTF, this will most likely be near thruster station one, as shown in Figure 2 . To achieve a reduction in probe diameter the device resolution was relaxed to 1% (the MBMS has 0.4% resolution). This corresponds to 1 mm entrance slits on the plates. The main tube that houses the plates measures 210 mm long by 38 mm in diameter. Solid Teflon rings support the plates. A Swagelok fitting leads to a turbopump that evacuates the interior. For alignment purposes, a laser is passed through the entrance orifice and out a removable alignment screw and plate. An adjustment screw allows the plates to be moved if required. As with the MBMS, a K and M Electronics model 7550m channel electron multiplier is used to measure ion current. The probe is machined from stainless steel except for the Teflon support rings and a graphite shield (not shown in Figure 30 ) which is used to reduce sputtering and protect the probe. Preliminary results from the probe are shown in Figure 31 for the thruster at Condition 1 on centerline, 1 m downstream of the exit plane. Ion current is normalized with the maximum recorded current in the figure. Data from the MBMS is also shown for comparison. The slit width for these tests was 2 mm, giving the device a resolution of 2.2%. The reason for this is that the 1 mm slits had not yet been manufactured via laser machining. Also, the turbopump had not yet been added. Instead, the Swagelok fitting was simply left open to the chamber. The MBMS was used to fine tune the spectrometer constant of the MIEA so that the peaks would coincide. This was done because the MIEA spectrometer constant is very sensitive to dimensional inaccuracies induced by the small size of the probe. A known source of ions will be used to formally calibrate the spectrometer constant in the immediate future. Note also that CEX collision peaks are not evident in the data collected by the MIEA. This highlights an immediate advantage of the MIEA over the MBMS. Because the MIEA is away from the vacuum chamber walls there is no pressure build-up around the thruster and the probability of an ion experiencing a CEX collision is minimized. Thus, the ion energy distributions obtained by the MIEA are thought to more accurately reflect the distribution one would encounter in the actual space environment. Finally, the FWHM for the MBMS is 29 V and the MIEA is 48 V. The addition of the turbopump should decrease this broadening which is thought to be induced by pressure build-up within the probe. These preliminary results show that the device is operating as intended and will mitigate the problems of firing the thruster into the endcap of the LVTF. 
